Removal of one kidney is known to cause enlargement of the remaining kidney, but not other organs. Lowenstein and Stern [11 showed that injection of serum from uninephrectomized rats into normal recipient rats led to an increased incorporation of tritiated thymidine into the kidney cells but not into the liver cells of the recipients. Their results suggest that there is a humoral substance acting specifically on the kidney that promotes renal compensatory hyperplasia. Ogawa and Nowinski [2] also reported that the addition of uninephrectomized rat sera to various rat organ fragments explanted in plasma clot enhanced mitosis of outer medulla of kidney but not other organs such as the bladder, anterior pituitary, and pancreas. Similarly, Preuss, Terryin, and Keller [3] showed that incubation of rat kidney slices with plasma taken from rats 24 hr after uninephrectomy results in stimulation of thymidine incorporation into DNA and uridine incorporation into RNA. Based on accumulated information, many investigators favor the theory that compensatory renal growth is controlled by a circulating renotropic factor [1-41. In our previous publication [5] , this hypothetical renotropic growth factor was demonstrated in uninephrectomized rabbit sera with tissue culture assay systems, using primary rabbit kidney cell cultures. We found that in vivo specificity of the renotropic growth factor is reproduced in in vitro assay by tissue culture with high precision. The reliability of these in vitro studies promises us that tissue culture studies of various renal problems will provide valuable information for understanding in vivo regulation and molecular mechanisms of kidney growth. Moreover, in vitro studies of the mechanisms of kidney cell growth and physiology by the use of tissue culture is not only rapid but also economical. Thus, tissue culture technology should serve as an excellent tool for studying mechanisms of kidney growth and disease processes in humans. In this communication, we report rabbit and human renotropic growth factor (called renotropin) found in sera of nephrectomized rabbits, and human kidney transplantation donor and cancer patients.
Removal of one kidney is known to cause enlargement of the remaining kidney, but not other organs. Lowenstein and Stern [11 showed that injection of serum from uninephrectomized rats into normal recipient rats led to an increased incorporation of tritiated thymidine into the kidney cells but not into the liver cells of the recipients. Their results suggest that there is a humoral substance acting specifically on the kidney that promotes renal compensatory hyperplasia. Ogawa and Nowinski [2] also reported that the addition of uninephrectomized rat sera to various rat organ fragments explanted in plasma clot enhanced mitosis of outer medulla of kidney but not other organs such as the bladder, anterior pituitary, and pancreas. Similarly, Preuss, Terryin, and Keller [3] showed that incubation of rat kidney slices with plasma taken from rats 24 hr after uninephrectomy results in stimulation of thymidine incorporation into DNA and uridine incorporation into RNA. Based on accumulated information, many investigators favor the theory that compensatory renal growth is controlled by a circulating renotropic factor [1-41. In our previous publication [5] , this hypothetical renotropic growth factor was demonstrated in uninephrectomized rabbit sera with tissue culture assay systems, using primary rabbit kidney cell cultures. We found that in vivo specificity of the renotropic growth factor is reproduced in in vitro assay by tissue culture with high precision. The reliability of these in vitro studies promises us that tissue culture studies of various renal problems will provide valuable information for understanding in vivo regulation and molecular mechanisms of kidney growth. Moreover, in vitro studies of the mechanisms of kidney cell growth and physiology by the use of tissue culture is not only rapid but also economical. Thus, tissue culture technology should serve as an excellent tool for studying mechanisms of kidney growth and disease processes in humans. In this communication, we report rabbit and human renotropic growth factor (called renotropin) found in sera of nephrectomized rabbits, and human kidney transplantation donor and cancer patients.
Methods
Preparation of rabbit sera. Ten rabbits (5 to 6 weeks old) that weighed 2 kg were used. Right unilateral nephrectomy by Received for publication October 11, 1982 © 1983 by the International Society of Nephrology lumbar incision was performed under pentobarbital anesthesia (Nembutal sodium solution, Abbott Laboratories, North Chicago, Illinois). Sera, called normal and nephrectomized sera, were prepared from blood drawn by cardiac puncture a few days before and 1, 3, 7, 10, 14, and 21 days after nephrectomy. Sera were separated by centrifugation at 3,000 rpm for 15 mm after overnight incubation of clotted blood at 4°C. Although these sera were isolated aseptically, we further sterilized them, using a filter (0.45 m pore size; Millipore, Bedford, Massachusetts) and stored them at -20°C until used. Sham animals were handled similarly except the kidneys were not excised. Control serum from a sham animal was obtained 7 days after a sham nephrectomy.
Preparation of human sera. Sera from two patients were used for these experiments. A 53-year-old male was the living donor of a kidney transplantation. A 64-year-old male was diagnosed as having left renal adenocarcinoma with bone metastasis, and a left nephrectomy was performed. The latter patient's bilateral renal function was normal. Operations (unilateral nephrectomy) of these patients were perftrmed by lumbar incision under general anesthesia. After nephrectomy, blood transfusion was not performed. Sera were collected by venous puncture a few days before and at various periods after nephrectomy. Sera were separated and stored as in rabbit sera.
Cell cultures and growth media. Five primary culture cell systems and two established cell lines were used to assay the growth-stimulating factor. Primary rabbit kidney cell cultures (PRK) were generated from kidneys taken at nephrectomy.
Primary rabbit skin fibroblasts were prepared from adult rabbit skin. Primary baby hamster kidney cultures were derived from kidneys of hamsters 1 to 3 days old. Primary human kidney (PHK) cell cultures were generated from a kidney of a hydronephrosis patient. Primary human prostatic cell cultures were derived from human prostate. Single cell suspensions were prepared after 0.25% trypsin (Flow Laboratories, Rockville, Maryland) digestion of the kidney tissue by the methods of Gallagher [6] , The rabbit and hamster cells were plated in Dulbecco's modified Eagle medium (DME) supplemented with 10% fetal bovine serum (FBS) (Microbiological Associates. Bethesda, Maryland). All human cells were cultured in Eagle's minimum essential medium (MEM) supplemented with 20% human serum. A rabbit kidney transformed cell line RK-13 [5, 7] was purchased from Flow Laboratories and grown in DME supplemented with 10% FBS. All cell cultures were subcultivat-
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Tissue culture assay of renotropic growth factor with scattered kidney fragments. A few days after the second subculture, a uniform monolayer was obtained. The majority of cell populations showed epithelial-like appearance. Contamination of fine, long spindle-shaped cells (fibroblasts) was at a rather small proportion, 10% or less, depending on each culture.
Similarly healthy cortex area of human kidney from hydronephrosis patients was excised and cultured in MEM supplemented with 20% human serum. The second subculture produced a monolayer of epithelial cells as shown in Figure 1 . The second and third subcultures of human and rabbit kidney cells were used as primary kidney cultured cells. These primary cultures are sensitive to density dependent inhibition (or contact inhibition) of cell division. For in vitro simulation of hypertrophy and hyperplasia of a three dimensional solid organ such as the kidney, we analyzed stimulation of DNA synthesis in contactinhibited confluent monolayer cells rather than sparsely plated cells.
Effect of serum on DNA synthesis after starvation in a serumfree medium. For demonstration of growth stimulation by humoral serum factor, thymidine incorporation can be measured for initiation of the cell division cycle. Synchronization of cells should maximize the sensitivity of cell division assays. Even contact-inhibited cultures contain a small fraction of the cell population which are in the ongoing cell cycle. Serum-free starvation for 24 hr should synchronize the entire cell population at the quiescent state as the Gl phase of the cell cycle,
because an average mammalian cell cycle takes about 24 hr. After serum-free starvation of confluent monolayers of PRK or PHK cells, we examined effects of normal serum of the corresponding species on thymidine incorporation into the acidinsoluble fraction. The cells starved for 24 hr in a serum-free medium were exposed to three different concentrations (1, 3, and 10% for PRK, and 3, 10, and 20% for PHK) of normal sera
Yamamoto et al DME + 3% serum; •-S, DME + 1% serum:
and O-.--O, serum-free medium. The abbreviation DME refers to Dulbecco's modified Eagle medium. Abscissa represents the time of incubation with 3H-thymidine. Ordinate represents the 3H-thymidine uptake (cpm X 10 4) per plate. Confluent monolayer cells were used for these experiments.
for various periods. Temporal changes in thymidine incorporation of both human and rabbit kidney cells showed very similar patterns [5] . As shown in Figure 2 , the maximum incorporation of thymidine in PHK occurred 16 to 18 hr after the addition of human serum whereas immediately or 36 hr after the addition of serum, the cells incorporated almost no 3H-thymidine. This observation suggests that the starved PHK cells were synchronized at the GI phase as a quiescent state, and 16 to 18 hr after the addition of serum, the majority of the stimulated cells reached the IS" phase for DNA replication. When uninephrectomized human and rabbit sera were tested for stimulation of DNA synthesis of cultured PHK and PRK cells, respectively, the kinetics of thymidine incorporation into cells was similar to that with the corresponding normal sera. However, their maximum amount of thymidine incorporation was far greater than with normal sera. Inasmuch as DNA synthesis is a prerequisite of mitosis, one would expect the extent of DNA synthesis to be roughly parallel to that of 120 mitosis. Thus, we consider the increased DNA synthesis stimulating activity in uninephrectomized sera to be a growthstimulating factor.
Kinetics of3H-thymidine incorporation into cultured cells for assay of DNA synthesis. Kinetics of 3H-thymidine incorporation for DNA synthesis 18 hr after the addition of normal rabbit sera to starved PRK cells was studied. As shown in Figure 3 , 3H-thymidine incorporation was proportional to the incubation period until at least 120 mm. Similarly, a linear incorporation of 3H-thymidine into PHK cells with normal human sera was found for at least 90 mm. Thus, we chose the 80-mm incubation of PRK or PHK cells with 3H-thymidine for assay of stimulation of DNA synthesis by sera. Incorporation of 3H-thymidine increases as serum concentration increases up to at least 20%.
Effect of serum concentrations on starved kidney cultured cells. Addition of serum to the cells starved for 24 hr results in the onset of the cell cycle, DNA synthesis 16 hr later, and subsequent cell division. Thus, stimulation of cell growth can be measured by the extent of thymidine incorporation 16 hr after the addition of serum to the starved cells [5] . As shown in Figure 4 , stimulation of 3H-thymidine incorporation into cellular DNA of PHK cells increases as serum concentration increases. The increase of thymidine incorporation has a linear relationship with serum concentration up to at least 10%. After 30% serum concentration, the increase becomes nonlinear.
Therefore, 10% sera were used for most of the experiments on human cells.
Time course studies of DIVA synthesis stimulating activity in rabbit sera collected after uninephrectomy. Three concentra- tions (1, 3, and 10%) of the sera were tested for stimulation of DNA synthesis in confluent monolayer cultures of PRK. As shown in Figure 5 and Table 1 , stimulation of 3H-thymidine incorporation was markedly increased by treatment with uninephrectomized rabbit sera as compared with normal sera. On day 3 after nephrectomy, the growth-stimulating activity sharply increased. Stimulation of 3H-thymidine incorporation reached a maximum of approximately a twofold increase at day 7 and thereafter gradually decreased. Twenty-one days (3 weeks) after nephrectomy stimulation of 3H-thymidine incorporation approached the preoperative (normal) level. All uninephrectomized rabbits showed similar time course profiles of growth stimulating activity. However, the time required to reach the maximum stimulating activity varied from rabbit to rabbit between 7 and 10 days. When sparsely grown cell cultures were used to study the growth-stimulating activity of nephrectomized sera, the stimulation of thymidine incorpoi-ration was far greater than that with confluent cell cultures. As shown in Table 1 , growth stimulation by 3 and 10% sera reached approximately a fivefold increase at 10 days after nephrectomy. When stimulation of thymidine incorporation by uninephrectomized sera is compared with that by sham-operated sera, results were similar to those obtained with normal sera. Time course studies of DNA synthesis stimulating activity in human sera collected after uninephrectomy. Sera were collected from a kidney transplantation donor a few days before and 1, 3, 7, and 10 days after uninephrectomy. As shown in Figure 6 and Table 2 , stimulation of 3H-thymidine incorporation in confluent PHK monolayer cells was increased markedly by treatment with uninephrectomized human sera as compared with normal sera. Twenty-four hours after nephrectomy, the growth-stimulating activity sharply increased. Stimulation of 3H-thymidine incorporation reached a maximum (approximately sixfold increase) at days 5 to 7 and thereafter gradually decreased. Ten days after nephrectomy, stimulation of 3H-thymidine incorporation approached approximately threefold above the preoperative level. Because of the scarcity of transplantation donors, we confirmed the above results with sera of uninephrectomized cancer patients whose adenocarcinomabearing kidney was removed.
Sera of a renal carcinoma-bearing patient were collected at various intervals 1, 3, 5, 7, 10, 14, and 21 days after unilateral nephrectomy. Two concentrations (10 and 20%) of these sera were tested for stimulation of DNA synthesis in confluent PHK monolayer cultures. As shown in Figure 7 , stimulation of 3H-thymidine incorporation was increased markedly by treatment with uninephrectomized cancer patient sera as compared with -prenephrectomized patient sera. Twenty-four hours after nephrectomy, the growth-stimulating activity sharply increased. Stimulation of 3H-thymidine incorporation reached a maximum of approximately a sixfold increase between days 5 and 7 and thereafter gradually decreased. Twenty-one days (3 weeks) after nephrectomy, stimulation of 3H-thymidine incorporation remained high as a fourfold increase over the preoperative level. These results showed time course profiles similar to those of the growth-stimulating activity in uninephrectomized sera of the transplantation donor. When sparsely grown cell cultures were used to study the growth-stimulating activity of the nephrectomized cancer patient sera, the stimulation of 3H-thymidine incorporation was far greater than that with confluent cell cultures. As shown in Figure 8 , growth stimulation by 10 and 20% sera reached an approximate 13-fold increase between days 3 and 5 after nephrectomy.
Organ specificity of growth-stimulating factor in uninephrectomized sera. It has been well known that uninephrectomy of animals results in hypertrophy and hyperplasia in the kidney but has no similar effect on any other organ. When cell cultures derived from other rabbit organs such as rabbit skin were examined, stimulation of 3H-thymidine incorporation by nephrectomized rabbit sera as compared with normal rabbit sera was not increased (Table I) . Similarly, when cell cultures of human prostate were tested with human sera, an increased stimulation of thymidine incorporation by nephrectomized cancer patient sera as compared with prenephrectomized sera was 19 to 34%. Since this increase is less than 5% of the increase observed with the primary kidney cultures (Table 2) , these values are too small to be significant. Therefore, we concluded that the growth-stimulating factor in uninephrectomized serum is renotropic and organ specific in the in vitro assay system. Specificity f the growth-stimulating ftictor on primary versus transfhrmed cell lines. When a transformed rabbit kidney cell line RK-13 was studied, stimulation of thymidine incorporation in RK-l3 cells by uninephrectomized rabbit serum is about equal to that by the same concentration of normal rabbit serum (Table 1 ). In addition, stimulation of thymidine incorporation in human carcinoma TN cells by uninephrectomized human serum is approximately equal to that by the same concentration of normal human serum, as shown in Table 2 . Therefore, these transformed and cancerous kidney cells are insensitive to stimulatory effects of renotropic growth factor in uninephrectomized sera and the renotropic growth factor in nephrectomized human sera is specific for primary cultured cells of the kidney.
Species specificity of renotropic growth factor. Primary cultured cells of the hamster kidney were compared with PRK cells for stimulation of 3H-thymidine incorporation by uninephrectomized rabbit serum. As shown in Table 1 , primary hamster kidney cells are insensitive to rabbit renotropic growth factor in uninephrectomized rabbit sera. PRK, however, is insensitive to human renotropic growth factor, as can be seen in Table 2 .
Therefore, renotropic growth factors are species-specific.
Discussion
We have established a method to demonstrate renotropic serum growth factor in uninephrectomized rabbit sera using tissue culture techniques. We extended this approach to human renotropic growth factor in uninephrectomized sera of a kidney transplantation donor and a renal carcinoma-bearing patient.
The characteristics of human renotropic growth factor in uninephrectomized sera of both the transplantation donor and the cancer patient are very similar to those of rabbit renotropic growth factor. Both human and rabbit renotropic growth factors showed organ and species specificities in vitro with this tissue culture assay system. These observations are further supported with our preliminary data from six additional renal cancerbearing patients 71.
Time course profiles of renotropic growth-stimulating activity are similar in both uninephrectomized humans and rabbits, although their maximal stimulating levels are different. The activities of both species sharply increase I or 2 days after nephrectomy and reach the maximal levels between 3 and 10
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Yamamoto et a! Abbreviation: ND, not determined. Values are expressed as counts per minute of the incorporation of H-thymidine per plate. All cultures were incubated for 80 mm with I I.rCi/ml 3H-TdR and then assayed for acid-insoluble fraction.
" Serum was obtained from rabbits 7 days after nephrectomy. Ratio: counts incorporated with nephrectomized sera to counts incorporated with normal sera. Abbreviation: ND, not determined. a Five-day postnephrectomized sera of the patient or the kidney transplantation donor were used, because serum growth-stimulating activity reaches the maximal point about day 5 after nephrectomy.
b Confluent monolayer cells and nephrectomized cancer patient sera were used.
Values are expressed as counts per minute of 3H-thymidine incorporation per plate. d Ratio: counts incorporated with postnephrectomized sera to counts incorporated with prenephrectomized sera.
days. However, the activity of human renotropic factor decreases quite slowly in comparison with the rabbit renotropic growth factor. Three weeks after nephrectomy, the activity of renotropic factor in human sera remained as high as fourfold over that of normal human serum, while the activity of rabbit renotropic factor returned to the normal level. The gradual decline of growth-stimulating activity of human sera must be due to a slow increase in renal mass to full compensation. Growth rate of renal mass should be a reflection of the renal work load level. Renal growth is known to be dependent on diet and age. High-protein diets increase kidney weight rapidly while low-protein diets do so slowly this could be explained by the difference in life spans of animals.
Longer life span animals may take a longer time period for renal growth and require lengthy maintenance of the renotropic growth factor.
As we reported [5] , the number of cells being initiated for cell cycle by growth factors in uninephrectomized sera is much greater than that by growth factor(s) in normal serum. Uninephrectomized serum contains a renotropic growth factor in addition to normal serum growth factors, such as fibroblast growth factor [11, 121 and epithelial growth factor [13] . In time course analysis, the maximal increase in DNA synthesis stimulation in rabbit kidney cell cultures by uninephrectomized rabbit sera over that by normal sera is about twofold in a confluent cell culture and fivefold in a sparse cell culture. These time course profiles were consistent with all uninephrectomized rabbit sera tested. Relative maximal increases are independent of the serum concentrations used, but dependent on the relative number of cell types, for example, epithelial versus fibroblast, in cultures. In vivo studies by others [1, 14] seem to suggest that renotropic growth factor stimulates growth of epithelial cells of proximal tubules. Growth of other cell types such as fibroblast in the kidney cultures can be stimulated by normal serum.
When uninephrectomized human sera of a kidney transplantation donor and a renal carcinoma-bearing patient were studied, a rather large increase (six-to 13-fold) in DNA synthesis stimulation in human kidney cells by uninephrectomized human sera was observed as compared with preoperative sera. This should be due to a relatively low concentration of fibroblasts in the human kidney cell cultures. It is important to note here that low (two or three) passaged cultures of the primary kidney cells should be used for assay of renotropic growth factor. With higher passaged kidney cultures, the sensitivity to growth stimulation by renotropic growth factor was reduced greatly. It has been known that, as the passage number of primary cultured cells grown in serum containing medium increases, the population of fibroblast cells increases and eventually takes over the entire cell population. This can be explained by the mechanism that serum growth factors, not only fibroblast growth factor but also epithelial growth factor, stimulate growth offibroblasts [15, 161. One of the most important findings is that the renotropic growth factor recognizes a strict cell type specificity distinguishing primary kidney cells from transformed kidney cells. An explanation for the primary kidney cell specificity of renotropic growth factor is the fact that transformed and cancer cells have lost the cell types of the origins [17] . This role of specificity has attained a much greater immediacy as the result of our findings with human renal cancer patients that human renotropic growth factor is specific to primary human kidney but not renal carcinoma cells. Thus, our suggestion that renotropic growth factor produced after removal of a cancer-bearing kidney lacks growth stimulation of metastasized renal carcinoma should be of clinical interest.
Summary. When synchronized primary rabbit kidney monolayer cell cultures were incubated with a medium that contained uninephrectomized rabbit serum, the incorporation of tritiated thymidine into DNA was much greater than that with a medium that contained normal rabbit serum. The maximal growth- ferences in the maximal growth-stimulating activities may be due to differences in the relative number of cell types, for example, epithelial versus fibroblast, present in these kidney cell cultures.
By the use of primary cultured cells from other organs such as rabbit skin and human prostate and primary kidney cultures from three species (rabbit, human, and hamster), the growthstimulating factor in uninephrectomized sera showed organ specificity, that is, renotropic and species specificity in this in vitro assay system. A transformed rabbit kidney cell line RK-13 and a human renal carcinoma cell culture NT did not respond to the renotropic growth-stimulating factor in uninephrectomized sera of their own species, indicating that the renotropic growthstimulating factor is specific to primary kidney cell cultures. stimulating activity of uninephrectomized rabbit serum on thymidine incorporation into confluent monolayer cultures and sparsely cultured cells was increased approximately two-and fivefold, respectively, above that of normal serum. We conclude that uninephrectomized sera contain a growth-stimulating factor. Similarly, sera from a uninephrectomized human kidney donor and a cancer patient stimulated primary human kidney cell cultures to incorporate tritiated thymidine at levels far beyond those with their prenephrectomized sera. The maximal growth-stimulating activities of uninephrectomized human sera with confluent monolayer cultures and sparsely cultured cells were approximately six-and 13-fold, respectively, above those with the prenephrectomized sera. Thus, the maximal growthstimulating activity in uninephrectomized human sera was much greater than that in uninephrectomized rabbit sera. Dif- 
